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Abstract The first decadal leading mode of East Asian
summer rainfall (EASR) is characterized by rainfall
anomalies along the East Asian subtropical rain belt. This
study focuses on the second decadal leading mode
(2DLM), accounting for 17.3% of rainfall decadal vari-
ance, as distinct from the other two neighboring modes of
EAMR, based on the state-of-the-art in-situ rainfall data.
This mode is characterized by a South-China-wet—Huaihe-
River-dry pattern, and is dominated by a quasi-30-yr pe-
riod. Further analysis reveals the 2DLM corresponds to an
enhanced lower-level monsoon jet, an eastward extension
of the western North Pacific subtropical high, and a
weakened East Asian upper-level westerly jet flow. The
Tibetan Plateau surface temperature and Pacific Decadal
Oscillation (PDO) are closely linked with the 2DLM. The
regressed SST pattern indicates the PDO-like pattern of
sea surface temperature anomalies may have a telecon-
nection relationship with the 2DLM of EASR.
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1 Introduction

East Asian summer monsoon rainfall (EASR) influ-
ences almost a quarter of the world’s population, and the
trends in flooding and drought reproduced by EASR’s
decadal climate variability have deep impacts on the ag-
riculture, economy, and society of the East Asian (EA)
regions. To fully understand the decadal climate variabil-
ity and trend of EASR and the associated circulation
anomaly would be of great benefit not only in providing
insights into past climate disaster trends, but also
near-term decadal climate predictions (Jia et al., 2013).

The major decadal leading mode of EASR has been
studied widely. Research has demonstrated that the de-
cadal trend of the EA subtropical rainfall front is the first
major decadal leading mode of EASR (e.g., Nitta and Hu,
1996, Gong and Ho, 2002; Hu et al., 2003; Wang et al.,
2008). This major decadal pattern of rainfall variability
mainly includes two aspects: the intensified Meiyu (called
‘Baiu’ in Japan and ‘Changma’ in Korean) rain belt since
the 1960s, and the drought trend in North China. This
major decadal leading mode of EASR is related to a
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common climatic phenomenon known as ‘southern China
flood-northern China drought’. Some studies have pointed
out that the climatic drought trend has occurred in some
regions of the northwestern Pacific Ocean, and this
drought trend also belongs to this major decadal mode of
EASR. Thus, the relevant spatial pattern is called the
‘sandwich pattern’. Recent studies show that this major
leading mode of EASR has intensified since the 1960s,
but turned to be the opposite phase in the most recent
decade (Xin et al., 2006; Si and Ding, 2013). Some stud-
ies have been carried out to investigate the possible rea-
sons and associated mechanisms, and they have reported
that the decadal changes of sea surface temperature (SST)
of the northwestern Pacific Ocean (Zhou et al., 2009),
human-induced aerosols (Menon et al., 2002), and the
thermal forcing of the Tibetan Plateau (Bao et al., 2008;
Wang et al., 2008) have all contributed to the trend of the
EA subtropical rainfall front.

Due to the differences from data sources, methods, and
covered domains, the 2nd Decadal Leading Mode (2DLM)
of EASR (hereafter shortened to 2DLM-EASR) is usually
mixed up with the first major decadal mode of EASR.
Yang and Lau (2004) used a singular value decomposition
(SVD) method and found the 2nd decadal mode of rain-
fall over eastern China is characterized by a positive rain
belt along the Yangtze River Valley. Using meteoro-
logical station rainfall data in China, Ding et al. (2008)
and Lei et al. (2011) demonstrated that the 2nd decadal
mode of rainfall exhibits a ‘tripole rainfall pattern’. How-
ever, both of these studies revealed the rainfall anomaly
pattern in South China is another distinct leading decadal
mode of EASR. This South China pattern of the rainfall
anomalous mode has been shown to have had an abrupt
change around 1992-94, and an intensified trend (Kwon
et al., 2005; Ding et al., 2008). This mode is recognized as
an ENSO-related or tropical SST-related mode. Such an
abrupt change was confirmed by Liu et al. (2011) with
different sources of observational data.

Because of the relative lack of long-term data, it re-
mains unclear whether or not the abrupt change around
1992-94 related with the leading mode of EASR can be
taken as a trend-like feature, or is a part of decadal varia-
tion. Considering the uncertainties derived from the
methods adopted thus far, the domains covered, and the
data sources used, there are still some gaps in our under-
standing of the characteristics of the 2DLM-EASR, the
associated circulation anomaly, and the possible mecha-
nism underpinning the variation.
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By using state-of-the-art products of in-situ rainfall
datasets over the whole East Asian region, this work aims
to answer the following questions: What are the charac-
teristics of 2DLM-EASR and the associated circulation
patterns? Does 2DLM-EASR demonstrate a trend-like
variation over the recent several decades? Are there any
decadal links between 2DLM-EASR and other decadal
variabilities?

The remainder of the paper is organized as follows.
Section 2 briefly introduces the datasets and methodolo-
gies used. Section 3 presents the 2DLM-EASR and cor-
responding circulation patterns. Section 4 describes the
possible links of 2DLM-EASR with other decadal vari-
abilities. Finally, concluding remarks are provided in sec-
tion 5.

2 Datasets and methodology

The observational precipitation data used in this study
are from the National Oceanic and Atmospheric Admini-
stration’s (NOAA) Precipitation Reconstruction over
Land (PREC/L) dataset (Chen et al., 2002), covering the
period from 1951 to 2013. Based on 17 000 gauge obser-
vational stations, the PREC/L precipitation data are in-
terpolated to a global grid of 0.5° latitude and 0.5° longi-
tude, thus covering the domains of PREC/L in East Asia
including not only mainland China, but also the Korean
Peninsula, Japan, and some islands in the northwestern
Pacific Ocean. The other datasets used in this work in-
clude: data from 756 gauge observational stations, sup-
plied by the China Meteorological Administration, in-
cluding 71 meteorological stations datasets across the
Tibetan Plateau; monthly National Centers for Environ-
mental Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) Reanalysis data (Kalnay et al.,
1996); the Hadley Centre’s SST datasets from the UK
Met Office (Rayner et al., 2003); and the Pacific Decadal
Oscillation (PDO) index from the University of Wash-
ington (http://jisao.washington.edu/pdo), which is defined
as the leading principal component of North Pacific
monthly SST variability .

In order to obtain the decadal leading modes of EASR,
the empirical orthogonal function (EOF) method is ado-
pted. The boreal summer mean (average of June, July, and
August) products of the PREC/L precipitation over the
past 60 years (covering 1951 to 2013) are used for the
EOF analysis. Before the EOF analysis, all precipitation
datasets are filtered by pre-processing using the 9-yr run-
ning average to achieve the decadal modes. The EOF
analysis is carried out by constructing a correlation matrix
to eliminate geographical influences. Thus, the eigenvec-
tors (spatial patterns) are guaranteed to be nondimensional.

3 The second decadal leading mode of East
Asian summer rainfall

By using state-of-the-art long-term precipitation prod-
ucts to approximate all regions over East Asia, the IDLM
of EASR (hereafter shortened to 1DLM-EASR) is first
revealed in Fig. 1a. Similar to previous studies (e.g., Hu et
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al., 2003; Bao et al., 2008), IDLM-EASR is manifested
with a southwest-northeast tilted ‘sandwich pattern’ or
so-called ‘tripole rainfall pattern’, including the wet phase
along the Meiyu in China, Changma in Korea, and Baiu in
Japan, and dry phases in North China and the Northwest
Pacific extending to the south of Japan, respectively. In-
stead of a trend-like variation, the time series of the cor-
responding principal component 1 (PC1) exhibits a quasi-
60-yr oscillation feature.

What are the characteristics of 2DLM-EASR. As
shown in Fig. 1b, 2DLM-EASR can be clearly identified.
This leading mode is characterized by positive rainfall
anomalies, mainly in South China and the Okinawa is-
lands, while there is a dry belt along the Huaihe River
Valley extending to the south of Japan. Similar to the
tilted feature of 1DLM-EASR, the extension of the
southwest-northeast tilted pattern of 2DLM-EASR is rela-
tively weak. Statistical analysis shows that the 2DLM-
EASR accounts for approximately 17.3% of rainfall de-
cadal variance, which is distinguished by the other two
neighboring modes of EASR (Figs. la, 1c, and 1d). Dif-
ferent from the theory of an abrupt change or trend-like
variation, the time series of the corresponding principal
component 2 (PC2) represents a feature of oscillation.
Power spectrum analysis of PC2 suggests the dominant
frequency period of PC2 is an approximate quasi 30
years, which passes the 95% confidence level (figure not
shown). As shown in Fig. 2b, the timing (1992—-1994) of
the abrupt change (e.g., Kwon et al., 2005; Ding et al.,
2008) should be one of the transition phases from the
negative pattern to the positive pattern of 2DLM-EASR,
and a similar transitional phase also occurs around 1960.

What are the corresponding circulation anomalies of
2DLM-EASR. Based on the NCEP/NCAR reanalysis data,
the corresponding circulation anomalies are obtained via
regression analysis with the PC2 of 2DLM-EASR. In Fig.
2, the associated circulation anomalies are given in the
lower, middle, and upper tropospheric levels. These cor-
responding circulation anomalies include an enhanced
lower-level monsoon jet flow and an anticyclonic anom-
aly in the Northwest Pacific at 850 hPa (Fig. 2a), an east-
ward withdrawal of the Northwest Pacific subtropical
high at 500 hPa (Fig. 2b), and a weakening of East Asian
westerly jet flow at 200 hPa (Fig. 2c). These circulation
anomalies are conducive to rainfall anomalies both in
South China and along the Huaihe River Valley. In the
lower troposphere, the positive phase of 2DLM-EASR is
related with the intensified southwestern moisture jet (Fig.
2a), which transfers the moisture from the South China
Sea to South China. Thus, the lower moisture jet leads to
a positive precipitation anomaly in South China. In the
upper troposphere (Fig. 2c), the weakening East Asian
westerly jet flow is conducive to convergence, and sub-
sequently leads to subsidence and a dry precipitation
anomaly in the Huaihe River Valley.

4 Possible links between 2DLM-EASR and other
common decadal signals

The prediction or predictability of decadal signals has
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Figure 1 (a) Spatial pattern and corresponding principal component of the first EOF mode of the 9-yr running mean summer (JJA) precipitation in
the East Asian (EA) domain (10—45°N, 100—145°E). (b) and (c) are the same as (a), except for the second and third decadal modes. The fractional
variances of these EOF modes are 22.6%, 17.4%, and 12.3%, respectively. All values are nondimensional as the modes are derived from a correlation
coefficient matrix. (d) Percentage variance explained by the three leading EOF modes. The short black bars denote error ranges of each mode.

been of great concern in the climate community; thus, it
would be of great benefit if we can elucidate the possible
linkage between 2DLM-EASR and other common de-
cadal signals. One major and decadal signal is PDO (Latif
and Barnett, 1994; Zhang et al., 1997). Another, occurring
over East Asia, is the thermal status of the Tibetan Plateau
(TP), since the TP is located upstream of the East Asian
summer monsoon (Duan and Wu, 2008; Si and Ding, 2013).

Is there any significant correlation between 2DLM-
EASR and these other decadal variabilities? Figure 3 pre-
sents the time series of the PC2 of 2DLM-EASR, the 9-yr
running average thermal status of the TP, and the PDO
index from 1951 to 2013. Among these, the thermal status
of the TP is represented by the boreal summer mean
(TP_TS_JJA (June, July, and August)) and spring mean
(TP_TS MAM (March, April, and May)) of the skin
temperature from 71 meteorological stations over the TP.
The correlation coefficients between PC2 and TP_TS JJA,
between PC2 and TP_TS MAM, and between PC2 and
PDO, are 0.684, 0.636, and —0.567, respectively, and all

of them pass the 97% confidence level. Correlation coef-
ficient analyses suggest that both the thermal status of the
TP and the signals of the PDO show a close relationship
with the variation of 2DLM-EASR.

Figure 4 is the regressed pattern of SST with the PC2
of 2DLM-EASR. As illustrated, there are three key sig-
nificant regions in the regressed SST pattern. In the
Northern Hemisphere, the largest significant signal comes
from the northern Pacific Ocean, which is consistent with
the high correlation coefficient of the PDO. In this regard,
2DLM-EASR is considered to have a teleconnection rela-
tionship with the PDO. Thus, the predictability of 2DLM-
EASR may benefit from this relationship. In the Southern
Hemisphere, there are two significant regions detected:
one located in the southwestern midlatitude Pacific Ocean,
and the other in the southern midlatitude Indian Ocean.

5 Summary and concluding remarks

This study focuses on the second decadal leading mode
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Figure 2 Atmospheric circulation anomalies regressed with the prin-
cipal component (PC) of 2DLM-EASR: (a) winds at 850 hPa (vectors;
units: m s™'); (b) geopotential height at 500 hPa (units: 10 gpm); and (c)
zonal winds at 200 hPa (units: m s™'). The green colored regions in (a)
and the dotted regions in (b) and (c) exceed the 95% confidence level.
The black shaded areas in (a) and the bold black lines in (b) and (c)
denote TP areas with elevations over 2500 m.
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Figure 3 Time series of the 9-yr running mean MAM (green) and JJA
(red) 0-cm skin temperature over the TP, the PDO index (blue), and the
principal component of the second mode (PC2) in Fig. 1b (black).

of EAMR, accounting for 17.3% of rainfall decadal vari-
ance, as distinct from the other two neighboring modes,
based on state-of-the-art in-situ rainfall data. EOF, power
spectral analysis, and statistical analysis are used to obtain
the characteristics and associated circulation anomalies of
2DLM-EASR. This mode is characterized by a South-
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Figure 4 JJA sea surface temperature anomalies regressed with refer-
ence to PC2. The dotted areas indicate significant values above the 95%
confidence level.

a quasi-30-yr period. Using reanalysis data, the associated
circulation anomalies of 2DLM-EASR are found, which
include enhanced lower-level monsoon jet flow, an anti-
cyclonic anomaly near the Northwest Pacific Ocean in the
lower troposphere, an eastward withdrawal of the North-
west Pacific subtropical high, and a weakening of the East
Asian westerly jet flow at 200 hPa. Correlation analysis
suggests that TP surface skin temperature and the PDO
are closely linked with the 2DLM. The regressed SST
pattern indicates that the PDO-like pattern of SST anoma-
lies may have a teleconnection relationship with 2DLM-
EASR. However, the possible underlying physical mech-
anisms between 2DLM-EASR and the PDO or PDO-like
pattern are still unknown. Further studies should be car-
ried out to investigate this issue using numerical modeling
via sensitivity experiments with a climate system model.
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